(Don) Pashley was one of the most innovative materials scientists of his generation. he was distinguished for his electron diffraction and transmission electron microscope studies of epitaxial thin films, especially for in situ investigations, work that contributed enormously to our understanding of film growth processes. he pioneered the use of moiré patterns to reveal dislocations and other defects. he also made important contributions to long-range disorder effects on semiconductor surfaces and to the structure of low-dimensional semiconductor systems.
eArly yeArS Donald William Pashley-Don to family, friends and colleagues-was born on 21 april 1927 in Wandsworth, south london. he was the elder child of harold and louise Pashley and, like many of his generation, the family suffered from the effects of the Depression of the late 1920s and 1930s. his father was the ninth of twelve children and worked in a small ironmonger's shop. There was no science background in his family. Don attended three different primary schools as a result of home moves and it was at the last of these, the lavender hill school in Battersea, that his academic ability first came to light. he was awarded a scholarship (a forerunner of the '11-plus' examination) that entitled him to a free place at a grammar school and so, in 1938, he started his secondary education at the henry Thornton school in Clapham, also in south london. This was interrupted after one year by the outbreak of World War ii, when his school was evacuated to Chichester in sussex, to share a building with Chichester high school. There was, though, apparently little effect on the operation of the school, which speaks volumes for the versatility and adaptability of the staff and pupils! nevertheless, when his father was conscripted in 1941 to serve in the middle east, Don chose to return to london to be with his family, although he did not see his father again until the war ended.
his new school, the sW london emergency school for Boys, was actually housed in the buildings of the henry Thornton school but now included pupils and staff from other schools in the area. staff limitations meant that the choice of subjects available for his General school Certificate was restricted but, fortunately, he was able to study mathematics and advanced mathematics, at which he excelled. he had intended to leave school at this stage and follow a practical course at a technical college, but was encouraged by a teacher and his mother to stay on with a view to going to university. This decision was reinforced by his school's returning to normal for the start of his sixth-form course, for which he took the then 'standard package' of pure mathematics, applied mathematics, physics and chemistry.
Two inspiring teachers helped develop his interest in science and mathematics, but his education was again interrupted, this time by the V-bomb onslaught on london, which seriously curtailed his schooling. it did not seem to affect his progress, however, and he obtained the highest grades in all four subjects in his higher school Certificate and was consequently awarded a state scholarship. This provided the finance necessary for him to attend university, and he decided to accept an offer to study physics at imperial College rather than mathematics at Queen mary College, where he was also offered a place.
it is evident that Don's early education was not without its difficulties, but he managed to overcome them with the same quiet confidence and determination that he showed throughout his life.
iMperiAl college the FirSt tiMe round-undergrAduAte, poStgrAduAte And reSeArch Fellow Don joined the Physics Department of imperial College in 1945 as an undergraduate and obtained a first-class honours degree two years later. in the immediate aftermath of the war, with so many returning ex-servicemen and with limited space, facilities and staff, such short degree courses were not uncommon. There was, however, a delay before the degree could actually be awarded, in that it was necessary to attend the University of london for three years, despite having passed all the examinations. Don therefore set out on his research career in 1947, having been promised a Department of scientific and industrial Research (DsiR) research award to commence in 1948; however, the then head of Department, sir George Thomson FRs, stepped in and appointed him as a demonstrator from october 1947. This involved him in some teaching and demonstrating while still allowing time for his research.
he became a member of the electron diffraction group, which had just been restarted, after wartime closure, under the leadership of Dr W. Cochrane, but strongly mentored by sir George, who had shared the 1937 nobel Prize in Physics for the discovery of electron diffraction. it was he, in fact, who suggested that Don might look into the subject of epitaxy, which had been another prewar topic in the department, and this was to have a profound effect on Don's subsequent career. at sir George's request he performed a literature survey on the topic in preparation for the Guthrie lecture of the Physical society, which was to be presented by sir George on the subject of crystal growth. at that time, epitaxy, or the ordered arrangement of one crystal on another, was a rather obscure topic of purely academic interest, but his appraisal of the literature gave Don a detailed background knowledge of the whole field. in parallel, he completed the experimental work for his thesis, which was entitled 'Crystal orientations during the growth and decomposition of silver halides'. The external examiner was Professor Kathleen (later Dame Kathleen) lonsdale FRs, and he was awarded his PhD in 1950.
he continued his research at imperial College until December 1955, with the award first of a DsiR senior award and then an iCi Research Fellowship. The main experimental technique that he used for this work was reflection high-energy electron diffraction (RheeD), in which a beam of electrons at typical energies of 15-20 keV is directed at a glancing angle of about 1° at the surface being studied and the diffraction pattern formed from it is recorded on a fluorescent screen (in present-day systems this is done digitally).
he contributed significantly to the development and understanding of the range of the technique, for example by calibrating its surface sensitivity with radioactive tracers of metallic copper or silver bromide on atomically flat, crystalline silver substrates. Working with a graduate student, Ron (later Professor) newman (FRs 1998) they were able to show that the limit of detection of RheeD in the equipment they were using was a film with a mean thickness of about 0.05 nm (1)*.
During this time he was influenced by Professor morris Blackman (FRs 1962). Blackman was a theoretical physicist who had worked with Thomson on electron diffraction and with max Born FRs on lattice vibrations but had then taken an interest in the theory of epitaxy. a controversial issue at the time was the concept of pseudomorphism, introduced by Finch & Quarrell (1933 , 1934 , working in the Department of Chemical Technology at imperial College, but there was no interaction between the two departments.
The basic idea of pseudomorphism is very simple: in the plane of contact, the growing film takes up the lattice spacings of the substrate crystal on which it is growing, rather than its own lattice spacings, and this then distorts the structure of the epitaxial layer. Finch & Quarrell claimed to have evidence of this phenomenon from electron diffraction, but Blackman was reluctant to accept it. he seems to have been very unhappy when F. C. (later sir Charles) Frank (FRs 1954) and J. h. (later Professor) van der merwe published a theory of epitaxy using just such a concept (Frank & van der merwe 1949a (Frank & van der merwe , b, 1950 . The basis of the theory was that the initial stage of growth of an oriented deposit was the formation of an immobile monolayer of regular atomic pattern that was homogeneously deformed to fit (that is, had the same spacing as) the substrate. once this oriented monolayer had formed, thicker films could grow by repetition of the process, so that an initially pseudomorphic film would undergo some transition process at a certain stage during growth to give a strain-free, bulk oriented deposit. The initial layer would form only if the misfit was less than a certain critical value, usually quoted to be about 14%. Two issues are of significance here: first, that epitaxial deposits require a pseudomorphic layer on which to form and, second, that epitaxy is predicted not to occur for misfits of more than about 14%. Before Don left imperial College he completed an exhaustive review of epitaxy (2) in which he pointed out that there was no convincing evidence for pseudomorphic layers and that there were many examples of epitaxy for which the misfit was much greater than the theoretical 14% limit. he suggested that it was essential to study the mode of formation of the initial oriented nuclei, which proved to be a prescient comment. nevertheless, at the time it was believed that Blackman was correct and that pseudomorphism did not occur. The original evidence was certainly flawed, but subsequent detailed electron microscope results have shown that pseudomorphism does indeed occur in certain cases and that the original concept of Finch & Quarrell was correct. The evidence is based on the absence of misfit dislocations in the first few monolayers of growth systems having a significant difference in their lattice parameters.
Don's review was published in the days when the normal means of communicating results was through reprints of the article and it was usual to order 100 or so for distribution to interested parties. Don had not expected to receive many reprint requests for such an academic topic, but he was amazed at the numbers that fell on his desk. The reason was simple! Those were the early days of the development of semiconductor devices, after the invention of the transistor at the then Bell laboratories in murray hill, nJ, and a version of epitaxy being studied there was seen as a potentially important technique for future devices. it was somewhat different from the more conventional version in that the substrate and film were of the same material (at first silicon or germanium, later also Group iii-V compounds) but with different amounts or types of impurity (dopant) in each. in semiconductor terms this produced a junction, even if the matrix materials were not different. This has become known as homoepitaxy and, although it did not feature in Don's early work, in later years he worked on it extensively using iii-V compound semiconductor materials. To the world at large, though, he became 'mr epitaxy' as the result of his encyclopaedic knowledge of a burgeoning field.
tuBe inveStMentS reSeArch lABorAtorieS, 1956-79
Don joined TiRl at hinxton hall near Cambridge as a senior Research scientist in January 1956, reporting to Dr J. W. (later sir James) menter (FRs 1966) . TiRl was the central research facility of Tube investments (Ti) ltd, a diverse group of engineering companies; in addition to making tubes (from hypodermic needles to gas cylinders), Ti owned Round oak steel Works, several domestic appliance manufacturers (Creda, new World and Russell hobbs), Raleigh (the bicycle makers) and numerous other companies, and later had a controlling share in the British aluminium Company. The laboratory was started in 1954 as a 'blue skies' establishment and its main attraction for Don was a state-of-the-art siemens elmiskop 1 electron microscope that would enable him to extend further his studies of epitaxial deposits and to contribute to the development of techniques of transmission electron microscopy (Tem).
For several years Don gave his full attention to studying the growth and defect structure of epitaxial thin films, which also involved depositing them in situ, developing the moiré pattern technique for revealing imperfections in crystals and performing the first Tem studies of the order-disorder transformations in Cuau.
in 1961 menter became Director of TiRl. at this time, the first of two significant changes to the laboratory's modus operandi occurred: it became 'applied' and focused primarily on problems highly pertinent to the Ti companies. Fortunately, the transformation to the target situation, where 80% of the research portfolio was directly related to company problems, occurred gradually.
in 1968, the year in which he was elected FRs, Don took over the directorship from menter, who devoted his full efforts to being the main Board Director of Research for Ti. Don virtually ceased his direct involvement in research projects from that time, although he continued to take an interest in the epitaxy work. Part of the reason for this was that an extension to the laboratory was built to accommodate a new, enlarged, engineering Department and, more significantly, the extension of the project orientation towards applied work needed to be completed, which entailed much detailed discussion with the Ti companies. in 1972, the second significant change to the way in which the laboratory operated occurred: the companies had to pay for the research! This change caused some of them either to withdraw their support or to define objectives on much shorter timescales, which put increased pressure on the senior management, much of which Don shouldered.
Twenty percent of the laboratory's budget had been allocated to speculative research on topics that might be of medium-to-long-term benefit to the company; however, after charging was introduced, some of this part of the budget was used for 'pump priming' to show the companies that TiRl had the skills needed to solve their problems or for solving short-term problems that the companies felt unable to pay for; it must be remembered that the early to mid 1970s were years of severe financial difficulty for the whole country. Don realized that the scientific foundations of the laboratory were being diluted and that the opportunities for doing longer-term R&D in support of the Group diminished. he made concerted efforts to have the funding basis modified, but to no avail. When he was offered the new Chair of materials science at imperial College and, with it, the headship of the department, he decided to accept it and left TiRl on good terms.
Don directed TiRl in a period of quite significant change. his successor, Dr Peter Duncumb FRs, writes:
There were some who questioned the appointment of a man they still saw as a pure scientist, distinguished though he was, to a job requiring a high degree of management and political skills. These doubts were quickly dispelled. Don combined the strength of his intellect with a calmness that brought together the differing aspirations and viewpoints of staff across the whole spectrum of basic and applied work. at the same time he retained a decisiveness that was to shape the direction of the laboratory. he was able to evolve the 'right' degree of structuring for a research laboratory that was under pressure to produce short-term results and at the same time come up with ideas for new products and new processes. The former requires discipline; the latter requires freedom. Both require well-motivated staff. We were fortunate indeed to have Don Pashley to put these components in place and to hand over a healthy laboratory when he left to return to imperial College in 1979. reSeArch At tirl Epitaxy at imperial College, Don had developed a technique for growing almost atomically flat epitaxial (111)* layers of ag by evaporation onto mica (4). at TiRl, he extended this to growing (100) films on naCl. Using these ag substrates, he could grow thin, continuous (100) and (111) layers of au and other face-centred cubic (fcc) metals for his work on electron microscopy and its applications. he examined the way in which the deposits are formed and his first published paper on this topic (18) showed that a very high density (about 10 15 m −2 ) of small discrete 'nuclei' were initially formed that grew in size and agglomerated to form, eventually, a continuous layer. in the case of au deposited onto naCl at 270 °C, continuity was not attained until films roughly 80-100 nm thick were formed, and these were not atomically flat. Bassett and Pashley (7) reported that, in the early stage of deposition, the individual particles contained very few crystalline defects, such as dislocations, stacking faults and twins, but the continuous films contained high defect densities. There was no detailed understanding of what caused the topology of the film to change during growth or how the defects arose. a major step forward in understanding these changes occurred as a consequence of growing the films inside the electron microscope. This was first done by Bassett (1961) using a chamber, to replace the air lock on the siemens microscope, in which the metal was evaporated from a filament onto electron transparent substrates held in a miniature hot stage at about 300 °C to decrease the carbonaceous contamination that occurred under the electron beam. epitaxial growth was studied with electron-transparent mos 2 films that gave deposits of fcc metals in (111) orientation. The progress of growth was observed directly on the viewing screen and recorded either with a cine camera or on conventional photographic plates. Valuable information was obtained from the 1.7 nm moiré patterns formed between deposit and substrate. a somewhat surprising effect was observed in the early in situ experiments: when small particles touched, they rapidly grew together like coalescing liquid drops. This is illustrated in figure 1 . Two particles in the centre of the image have coalesced during the exposure of the photographic plate (about 10 s) so that one sees superimposed the initial and final shapes; the 1.7 nm moiré fringes are evident, showing that the material was solid. Clearly, there is considerable mass transport occurring and this was interpreted (14) in terms of surface self-diffusion of au atoms over the particle (and on the substrate).
The crystallites in these deposits have two, twin-related, orientations: the initial particles are triangular and the apices of the different orientations point in opposite directions, as seen in figure 1 . This is referred to as 'double positioning'. in a later paper (18) the issue of the crystallographic defects in these thin epitaxial films was addressed and a large reorientation effect was demonstrated in relation to the doubly positioned particles. By tilting the (111) film so that one position is in [112] orientation, one orientation diffracts strongly and the other weakly, giving 'black-white' contrast, as illustrated in figure 2. some of the particles are all black, and vice versa, but others have boundaries between the black and white regions. These are {112} incoherent twin boundaries-a special type of grain boundary-and in situ observations showed that they are formed and eliminated during the growth process. a particle near to * here and elsewhere, these symbols, known as miller indices, are used to define the orientations of crystal planes and directions in relation to the three orthogonal axes of the cubic system. For example, (001) is a plane parallel to a cube face and, in a face-centred cubic crystal, (111), which has equal intercepts on the three axes, is the plane of closest atom packing.
the centre of the image in figure 2a is part white and part black but, in figure 2b, recorded 1 -8 s after figure 2a, the black region has become white. Thus, in quite short times, a reorientation equivalent to a 180° rotation about the substrate normal has occurred. examination of cine films shows that these boundaries move normal to the trace in the image, and this was interpreted (18) in terms of the well-known process of diffusion-controlled grain boundary motion that occurs during secondary recrystallization in metals. it was noted above that these evaporated epitaxial films contain very high densities of dislocations (and, in some cases, stacking faults and twins) when they are continuous. In situ observations demonstrated that dislocations are formed as a consequence of island coalescences and that they can also glide out when the island shape changes. When the deposit is almost continuous but contains holes or channels, the dislocations (and stacking faults) are trapped.
in the mid 1960s, Don and Dr Peter (later sir Peter) hirsch FRs of the Cavendish laboratory set up a joint research project on thin-film nucleation and growth, financed by the ministry of Technology, which involved using an ultra-high-vacuum specimen chamber on the TiRl electron microscope. The chamber was designed and constructed by Professor Ugo Valdre (23) and was used for about four years at hinxton hall until the project was stopped in 1970; it was then transferred to the Cavendish laboratory. During his sojourn at TiRl, Don was in demand for keynote papers at conferences on crystal growth, and he wrote several authoritative reviews on epitaxy, spanning many years (11, 15, 16, 24, 25). There was a gap of several years from the time he left TiRl until he was able to become involved with this subject again, and then he pursued somewhat different aspects of the subject, even returning to the issue of pseudomorphism.
Transmission electron microscopy
Don Pashley was a pioneer in the development of the techniques of Tem and their application to the microstructural characterization of materials ( figure 3) .
he was a co-author of the early standard text on the subject (17) that emerged from lectures given at a summer school in Cambridge in 1963. his most significant input in this area was the moiré image method for studying overlapping crystals and their crystallographic defects, and he made important advances in the understanding of ordering reactions in Cuau alloys. in addition, he performed numerous carefully planned and executed in situ experiments exploring strengths of very thin single crystal films (8) , ion beam damage (10) and the cause of dislocation movements in the electron microscope (12) .
Moiré patterns
The menter group was initially very active in exploring the resolution limit of the new-generation siemens electron microscope, after menter's work resolving the lattice spacings of platinum phthalocyanine (menter 1956). Don realized that, by superimposing different metals in epitaxial orientation, a fairly wide range of fringe spacings could be produced by forming moiré patterns from interfering electron beams diffracted in each of the crystals. Thin epitaxial fcc bicrystals were made by the evaporation method, and the smallest moiré spacing observed was 0.58 nm from overlapping nickel and gold crystals (3) . an important aspect of this technique is that it can reveal dislocations, stacking faults and twins in the layers, and rules were given for conditions under which dislocations and stacking faults could be characterized (for example the Burgers vector of a dislocation).
Order-disorder reactions in CuAu
When Cu and au are alloyed, a continuous solution is formed in the solid state. however, the alloy takes on an ordered structure below about 420 °C, depending on the exact composition, and this produces some very interesting microstructures. above about 420 °C, the fcc lattice of Cuau is disordered, Cu and au atoms being randomly distributed on the lattice sites. Below about 380 °C, the lattice transforms to a tetragonal phase, Cuau i, in which alternate (002) planes contain all au or all Cu atoms, which causes the (002) lattice spacing to decrease. in between these temperatures a complicated orthorhombic lattice structure arises, which is shown in figure 4. along the a 1 axis there are 10 Cuau i-like cells with a central boundary across which the all-Cu planes change to all-au planes; this is known as an anti-phase boundary (aPB). it is evident that quite complicated microstructures will arise in the alloy transformed from the disordered state-the long a 1 axis could form along any of the <100> axes of the disordered crystal.
Don's initial research on this topic (5) employed thin epitaxially grown (001) layers of au onto which the appropriate thickness of Cu was evaporated and the layers were heated to alloy the elements. in these thin films, two of the three possible orientations dominate, with the long a 1 axis lying in the plane of the film. The aPBs, noted above, therefore lie perpendicular to the plane of the film, and Glossop and Pashley (5) showed that this microstructure led to fringes 2 nm wide in the electron image; they used dark-field imaging, in which the diffracted beams were tilted so that they passed along the optic axis of the microscope, to give high-quality images.
Pashley and Presland (6) studied the transformation of Cuau i to Cuau ii, using (001) au and Cu layers (inter-diffused at about 350 °C to form Cuau i) that were heated in situ at about 380 °C to form Cuau ii. The tetragonal Cuau i structure contained domains about 50-100 nm across in which the all-Cu planes were continuous but then changed to all-au planes across an aPB. They showed that these aPBs either formed closed loops or terminated at dislocations. The transformation to Cuau ii occurred by means of the nucleation and growth of the orthorhombic phase at the existing aPBs to give the microstructure shown in figure 5 , in which a partly formed region of Cuau ii is seen at P. The two different orientations of the a 1 axis are clear.
The formation of Cuau ii from the disordered state, again using evaporated films, was explored in situ by hunt and Pashley (13) . Pashley and Presland (9) characterized the microstructure of bulk samples of Cuau i that had been transformed in the electron microscope from the disordered state and showed that it was composed of lamellae that were {101} twinned as shown in figure 6 . Don's last publication on this material was concerned with the plastic deformation of bulk Cuau i (22) . Bulk material was fully ordered and then extended at room temperature. The predominant deformation was mechanical twinning on {111} planes, which gave rise to very complicated microstructures, and there were indications that extensive plastic deformation led to a new, distorted, hexagonal close-packed Cuau i phase. his outstanding ability to think three-dimensionally (and in reciprocal space) was invaluable in unravelling these complex microstructures.
Precipitation in aluminium alloys
in 1963 Don was asked by the Research Division of the British aluminium Company (part of the Ti Group) to help clarify a problem relating to precipitate hardening of some al-mg-si alloys. This led to the first systematic characterization of the problem by using Tem and, later, to a novel model of precipitation kinetics in al-based alloys (for which Don was awarded the Rosenhain medal and Prize of the institute of metals in 1968). many aluminium-based alloys are strengthened by heat treatments that produce very fine distributions of solute-containing precipitates. The process involves heating the product to a high temperature to put the alloying elements into saturated solid solution, quenching it to ambient temperature (whereby the alloy becomes supersaturated) and then heating ('ageing') it at an intermediate temperature to nucleate and grow precipitates to generate the required strength. The problem posed by British aluminium was to explain why, if an al-1.2%mg 2 si alloy was left at room temperature for an hour or so after the quench, the aged alloy suffered a very significant loss of strength relative to one that was not delayed. This effect, known as delayed ageing, was not new to the industry and in fact had been largely overcome by adding (From (9); reproduced with permission.) about 0.25% copper to the alloy. The results of a programme of tensile testing and microstructural analysis were reported in an oft-cited paper (20) , a key conclusion being that delays led to coarser precipitate distributions, which led to strength loss. The early stages of hardening involve the formation of solute atom clusters that grow, depleting the alloy of solute, and transform into well-characterized precipitates. The implication of this research was that cluster growth at room temperature in an al-1.2%mg 2 si alloy was more extreme than had been noted previously and that the decrease in available solute had a significant effect on the density of precipitates formed in the ageing step. The effect of adding copper was to slow down the hardening (and, by inference, the clustering) at room temperature, which offset the effect of delay on subsequent ageing. Following on from that work, Don developed a novel kinetic model of cluster stability in which the rates of solute diffusion to clusters and the dissociation rates of atoms from them are all-important. The model was tested by means of an experimental programme exploring the effects of two-step ageing of the al-1.2%mg 2 si alloy in which the material was first quenched to a temperature T 1 , aged for a period and then raised rapidly to a higher temperature, T 2 , for the final heat treatment. it is perhaps helpful to think of this two-stage process in terms of nucleation and initial growth of precipitate 'seeds', under conditions of high solute excess and high quenched-in vacancy concentrations (which facilitate atom diffusion), and their subsequent growth or dissolution at the higher temperature. survival at T 2 of clusters formed at T 1 will depend on their size (in view of the Gibbs-Thomson effect) and on the availability of solute. small clusters will dissolve at T 2 , at which the equilibrium solute level is higher than at T 1 , but the larger clusters may continue to grow. at one extreme, where little clustering has occurred at T 1 , ageing at T 2 will cause most of the clusters to dissolve and the precipitate distribution will not differ greatly from that obtained by quenching directly to T 2 and ageing. at the other extreme, where extensive cluster growth has occurred and the solute level has decreased to the equilibrium value at T 1 , a high fraction of those clusters could continue to grow at T 2 , leading to a higher density of precipitates than that obtained with no treatment at T 1 -in this case, seeding has been effective. in the seminal paper that reported this work (21), a range of possible effects of two-step ageing was predicted on the basis of the model and validated by experiment.
at the time this research was performed, the results were not of great concern to industrialists because the addition of copper to the alloy had provided an adequate solution to the problem of delayed ageing. however, in recent times, two-step ageing of al-mg-si-(Cu) alloys has become important, largely as a consequence of the increasing use of aluminium in automobiles. here, the heat treatment has to accommodate a late production stage in which the painted product is baked (at about 180 °C) to deliver acceptable coating properties; this then defines the treatment at T 2 and a suitable treatment needs to be found at some T 1 so that the final mechanical properties of the product are fit for purpose. Recent research directed towards this problem, and using more advanced techniques than were available in the 1960s, has confirmed some of the assumptions of Don's model but has also shown that the physical situation is more complex in other respects. however, the lasting significance of the kinetic model is that it provides a convenient framework for planning and interpreting heat treatment schedules. the return to iMperiAl college Don returned to imperial College in september 1979 to take up the headship of the Department of metallurgy and materials science and to become the first holder of the newly created chair of materials, some 23 years after he had left as a postdoctoral fellow. initially this was something of a poisoned chalice! The department had a first-rate reputation but it had concentrated on the more classical areas of metallurgy and metal extraction. This was compounded by the problem of overstaffing in relation to the financial constraints imposed on all universities at the time, together with a paucity of undergraduates wanting to study metallurgy and materials science. staff numbers had to be decreased and there was no chance of introducing new blood to give the department a more modern outlook. nor had Don followed the usual academic route to a chair, so he brought no ongoing projects, personnel or equipment with him.
as a first step to overcoming some of these difficulties, Don arranged for the department to be renamed the Department of materials, making it more in line with the terminology of other establishments, with no constraint to study only metals. he also wanted to start up an activity on epitaxy, particularly because of the level of importance it had achieved in the semiconductor field at that time, mainly involving iii-V compounds and their application to microwave and optoelectronic devices. Two fortunate events enabled him to do this. The Physics Department appointed Professor R. a. (Tony) stradling to start up a major project on narrowband-gap semiconductors and the then science and engineering Research Council (seRC) launched a large-scale initiative on semiconductor research under the title low Dimensional structures (lDs). This was well funded, especially by university standards, and was designed to bring a limited number of departments up to international standards in the study of semiconductor structures of reduced dimensionality. Up to this point, semiconductor research had largely been a poor relation in universities and the work was carried out predominantly in the large industrial laboratories that were thriving at the time. The Department of Physics and the Department of materials decided to make a joint bid for support from the lDs project, and the bid, to study thin films of inas, insb and their alloys, was successful.
From Don's viewpoint the most important acquisition, apart from personnel, was a socalled molecular beam epitaxy (mBe) system, designed to grow thin films, especially heterostructures, from neutral, thermal molecular or atomic beams of their constituent elements in an ultra-high-vacuum stainless steel chamber. By using base pressures of 10 −10 Torr or less, it was possible to ensure clean surface conditions and the films could be grown with a high degree of control. in collaboration with Dr anne staton-Bevan and Dr Xiao-mei Zhang, Don was able to use Tem to study the structure of these films, in which the existence of pseudomorphism had already been conclusively demonstrated. Despite his earlier reservations about its existence, he was fully convinced by these results, but was equally certain that the original arguments put forward by Finch & Quarrell (1933 , 1934 were invalid. he was quite adamant about this and his actual words were that he believed 'the early evidence was false'. For one usually so mild, these were strong words indeed.
a problem with universities is the need to involve their senior academics in layers of administration, and Don's case was no exception. in 1986 he became the Dean of the Royal school of mines for a three-year term, while still remaining head of the materials Department. There was, however, an advantage. as one of three college deans he played a major role in planning and management activities and, when the seRC invited bids for setting up the new interdisciplinary Research Centres (iRCs), he gave very strong support for an application for the iRC on semiconductor materials to be established at imperial College, and the subsequent bid was successful. This started in april 1989, with very substantial funding from the seRC, which was significantly augmented by additional funds from the Japanese Government, through the Japanese Research and Development Corporation. UK industry contributed a rather smaller amount.
all of this coincided with the end of Don's term as head of Department, followed by his nominal retirement and appointment as a senior Research Fellow in 1992. he was then able to increase his research effort quite significantly, applying to semiconductors the experience he had previously gained and used with such distinction on metals. This was effectively the beginning of Don's second research career, after long spells in both industrial and academic management. There was now a new high-resolution electron microscope, together with several new mBe systems, all fitted with in situ diagnostic techniques, principally RheeD, but one also included a scanning tunnelling microscope (sTm). he was thus well placed to become closely involved again with studies of epitaxy.
reSeArch At iMperiAl college Don had used RheeD in his early work at imperial College, but the technique is ideally suited to in situ studies of the nucleation and growth of low-dimensional semiconductor structures by mBe. its geometry makes it fully compatible with the molecular beams, which have approximately normal incidence, so growth can be followed in real time.
Don used this arrangement and worked with Jim neave to study long-range disorder effects occurring during the homoepitaxial growth of reconstructed Gaas(001) surfaces. in general, semiconductor surfaces reconstruct, or rehybridize, to accommodate the dangling bonds that would otherwise exist in the surface, so the unit cell at the surface has lower symmetry than that in the bulk. The equilibrium Gaas(001) reconstruction is universally accepted to be the β2(2 × 4) structure, with the unit cell illustrated in figure 7 . it is an as-terminated structure that substantially modifies the three topmost layers of the surface: alternate pairs of as-dimer rows along [1 -10] , together with their underlying Ga atoms, are missing and the exposed as atoms in the third layer form dimers along this direction. By a strange coincidence it was Don's son, Dr michael Pashley, working at the Philips Research laboratories at Briarcliff manor, ny, who first showed the basic missing dimer structure of this surface, using sTm (Pashley et al. 1988) . Don showed, however, using multi-azimuthal RheeD and sTm that the long-range structure involved phase shifts of the β2(2 × 4) cells, which were equivalent to the surface having a non-ideal c(2 × 8) structure made up of a distribution of β2(2 × 4) cells with equal but irregular occupancy of the two possible phase positions, as shown in figure 8 (30, 31) . This long-range structure is always present, on both as-grown and annealed surfaces, but it has not yet been possible to determine precise atom locations in the basic unit cells that conjoin to form the aPBs. Don also worked on a second type of long-range surface disorder feature that occurs and is present during growth. Known as kinks, they are cooperative shifts of whole columns of 2 × 4 units along the [110] direction. They form rapidly as growth begins, but the antiphase domain structure present on the surface before growth persists. Kinks are present on annealed surfaces in only very low concentrations, if at all. Don was able to show the effect of both types of disorder on RheeD patterns with such clarity that he received a letter from the journal editor, who was himself a diffraction expert, praising his analysis. The second of these papers (31) was published just six months before Don died, so he did not have time to formulate a detailed account of the effect of kinks on the growth process. The second major area with which Don concerned himself during this time was the formation of self-assembled quantum dots in the inas-Gaas system, which was in many ways a return to his old interest in pseudomorphism in heterostructures with a large lattice misfit (about 7% in this case). The nature of the overgrowth and the strain relaxation process in this system are crucially dependent on the substrate orientation, despite the fact that the extent of the misfit is the same. For (110)-oriented and (111)a-oriented Gaas substrates, the inas film grows in a layer-by-layer fashion and strain is relieved by the formation of misfit dislocations. This is known as the Frank-van der merwe mode, and Don was able to examine these structures by using both Tem and sTm, in collaboration with Dr Xiao-mei Zhang, James Belk (a PhD student) and Dr hiroshi yamaguchi (a visiting Japanese scientist from nTT laboratories).
in the case of (110)-oriented substrates the strain relaxation mechanism involves two separate pathways (27, 28) . The first is the direct nucleation of pure edge-type dislocations in which the network is confined to the plane of the interface, with no threading component, and the elastic distortion extends from the dislocations to the surface, which makes them visible in sTm images, as illustrated in figure 9a for a film five monolayers thick. Plan-view dark-field Tem images, of which figure 9b is an example from the same film, but not necessarily the same area, confirm the regular array of misfit dislocations with the same Burgers vector, line direction and spacing, exactly as predicted by the system misfit.
From this mechanism, strain relaxation along the [11 -0] direction is about 90% complete after the growth of five monolayers. once this edge dislocation network has been established, slip systems that relieve strain along the orthogonal [001] direction become active and dominate the subsequent surface morphology. a discrete surface step is left behind by the motion of a dislocation towards the interface, followed by its expansion as the misfit segment increases in length. on (111)a substrates the same basic processes occur, but of course the crystallography of the defects is quite different (26) . The misfit dislocations are in <112> directions and can therefore form two differently directed junctions. after about 5 monolayers growth the dislocations form a periodic network, which is not, however, a simple hexagonal structure and so the interfaces must contain some partial dislocations at the boundaries between faulted and unfaulted domains, as well as stacking faults.
it is only on Gaas(001) substrates that a very different growth and strain relaxation process occurs, the so-called stranski-Krastanov mode, in which after the formation of fewer than two monolayers on the as-rich c(4 × 4) reconstructed surface, strain is relieved by the formation of coherent (dislocation-free) three-dimensional islands, called self-assembled quantum dots, or more usually QDs. They have significant potential for use in optoelectronic and quantum information-processing applications. Don's major contribution in this area was to evaluate the shape of the QDs from RheeD patterns and in so doing to correct several errors in the literature that had arisen from misinterpretation of the patterns (29) . The calculation of the electronic structure of the QDs would be greatly simplified if they were to be square-based pyramids, and this was initially assumed to be the case from a superficial evaluation of the RheeD data. several papers were published on the basis of this idealized shape, but Don used his comprehensive understanding of electron diffraction to show that in fact refraction effects dominated and the true shape of the three-dimensional islands was lenticular. others subsequently came to the same conclusion, but papers still appear claiming the shape to be regular faceted structures. RheeD is a very simple experimental technique, but the results are very difficult to analyse correctly. Don was almost always correct and he had a mind that could move effortlessly between real and reciprocal space.
inSide And outSide Science; perSonAlity, FAMily And intereStS as many will testify, Don was a quiet and modest man, perhaps even over-reticent about his achievements as a distinguished scientist and as a leader in industry and academia. he was an outstanding experimenter who planned his experiments with great care and thoroughness, anticipating alternative outcomes, not just the obvious one. he worked skilfully with electron microscopes long before they became the push-button instruments they are today. he was nevertheless delighted with the instrumental developments that occurred during his career and he was greatly impressed by image-processing software, while remaining somewhat sceptical about what it might be doing to the original data. Woe betide any student who could not explain the real significance of a computer-enhanced image! his own thoroughness in the interpretation of results was a byword among his colleagues; nothing was ever allowed to slip through unchallenged. Writing a paper with Don was never a quick process, because everything had to be as precisely recorded and defined as possible.
his reserve was never apparent when he lectured, however; he could be heard clearly and distinctly in any part of the auditorium, often without a microphone. he put this down to advice from sir George Thomson to imagine that he was lecturing in the albert hall and addressing the 'gods', not the front row of the stalls, advice that he clearly took to heart. his leadership qualities were apparent both at TiRl and at imperial College. he was able to bring his wisdom and calmness to bear on the very difficult problems he faced, much to the relief of his staff, and generated an enormous degree of respect not just for his intellectual abilities but also for the care and consideration he showed to all who worked with him.
he was appointed head of Department at imperial College when financial constraints were also having a severe impact on universities and the then Department of metallurgy and materials science was not quite the powerhouse it had once been. With his appointment Don brought renewed intellectual rigour to the new Department of materials and his subsequent dual appointment as Dean of the Royal school of mines enabled him to use his expertise to bring in much-needed research grants, which benefited not only his department but also the college as a whole.
Don was a devoted family man. he first met his wife, Glenys, who taught physics at Greycoat hospital, Westminster, at a party given by a friend from the department. They shared interests in table tennis, photography and hill walking, and were married in July 1954, with the same friend, alec hester, as Don's best man. When Don moved to TiRl, he and Glenys made their family home in saffron Walden in essex. Glenys continued with some part-time physics teaching, but after severe problems with osteoarthritis forced her to retire, she devoted time to several voluntary activities, among them the arthritis Research Campaign, which she has actively supported for 40 years. she has also been involved in imperial College and University of london activities. Don and Glenys had two children, michael (born in 1957) and anne (born in 1959), and eventually seven grandchildren (figure 10). (online version in colour.) michael almost followed in his father's footsteps: after a first degree in physics at Bristol University he moved to Cambridge, where he completed a PhD followed by a Fellowship, working on the then recently developed technique of sTm, before moving to the north american Philips Research laboratories at Briarcliff manor in new york state to continue this work. as the emphasis of the laboratory became more applied, however, he changed areas, first to lighting and more recently to medical systems, where he is now a department head-shades of his father and TiRl. he married helen, a zoology graduate from Bristol with a Cambridge PhD, and they have three daughters.
anne studied food technology at Reading University and worked initially in the technical department of Brooke Bond (which later became Unilever Foods), where she was a product development manager. she married nick Jackson, an iT consultant, and they have two sons and two daughters; the family is now growing up and anne has trained as a teacher of food technology and is currently teaching in the secondary school at oxted, surrey.
in Glenys's own words, he was a good and patient father and grandfather who always enjoyed playing with the children. as befits a gifted experimentalist, he was a very skilled do-it-yourself practitioner, although his gardening skills were less marked-he could not cope with the vagaries of biological processes! he was involved in local activities, such as the Round Table, when he was at TiRl, and enjoyed the theatre and concerts. in the early 1970s he was appointed a governor of newport Free Grammar school (which his son michael attended). after his official retirement, with more time available, Don joined the newly formed moleside Probus Club in Cobham, surrey, a few miles from their home in oxshott. With Glenys he enjoyed the outings and holidays they arranged at home and abroad, especially the monthly five-mile walks which ended in a pub lunch. in all he did he was a modest and completely honest man, who underestimated the esteem in which he was held.
